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Abstract
As part of a large study aimed at searching for patterns of diversity in the genus
Persephonella along the north to south geochemical gradient of the ELSC, ten novel
strains of Alphaproteobacteria were isolated unexpectedly. Using defined media under
microaerophilic conditions to enrich for Persephonella from chimney samples collected
at the seven vent fields on the ELSC and the dilution to extinction by serial dilution
method to purify cultures, a total of ten strains belonging to the Alphaproteobacteria
were isolated. Two of these isolates, designate MN-5 and TC-2 were chosen for further
characterization and are proposed as two new species of a novel genus to be named
Thermopetrobacter. Both strains are aerobic, capable of chemoautotrophic growth on
hydrogen and grow best at 55°C, pH 6 and 3.0% NaCl. Strain MN-5 is capable of
heterotrophic growth on pyruvate and malate and TC-2 is only able to grow
heterotrophically with pyruvate. The GC content of MN-5 is 69.1 and TC-2 is 67 mol%.
GenBank BLAST results from the 16S rRNA gene reveal the most closely related
sequence to MN-5 is 90% similar and the most closely related sequence to strain TC-2 is
89% similar.
Sampling at a shallow marine vent off the coast of Vulcano Island, Italy in 2007
led to the isolation of a novel species of Hydrogenothermus, a genus within the
Hydrogenothermaceae family. This isolate, designated NV1, represents the second
Hydrogenothermus isolated from a shallow marine vent. NV1 cells are rod-shaped,
approximately 1.5 µm long and 0.7 5µm wide, motile by means of a polar flagellum and
grow singularly or in short chains. Cells grow chemoautotrophically using hydrogen or
thiosulfate as electron donors and oxygen as the sole electron acceptor. Growth was
i

observed between 45 and 75°C with an optimum of 65°C (doubling time 140 min), pH
4.0-6.5 and requires NaCl (0.5-6.0% w/v). The G+C content of total DNA is 32 mol%.
GenBank BLAST results from the 16S rRNA gene reveal the most closely related
sequence to NV-1 is 96.5% similar.
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I. Introduction
Throughout the oceans, geologic and tectonic activities have created high
temperature habitats in both deep-sea and shallow marine environments. The discovery
of deep-sea hydrothermal vents at the Galapagos Rift spreading center in 1976 marked
the beginning of the exploration of a diverse and unique ecosystem. Initial research of
deep-sea vents described many novel endemic species and caused the reexamination of
what scientists believed were the limits of life. The extreme conditions life must survive
at deep-sea vents include high pressure, high temperatures and no sunlight. Although
many exciting and high impact discoveries have been made at deep-sea vents, the
physical, chemical and biological processes that shape these dynamic habitats are only
beginning to be understood. Hydrothermal vents also exist in shallow water (<200m
below sea level) where there is sunlight available for photosynthesis and lower pressure
and temperature extremes. Shallow marine vents are much more accessible than deepsea vents and are also an important habitat to explore thermophilic life. My research will
focus on novel thermophilic Bacteria isolated from deep-sea hydrothermal vents in the
southwest Pacific and a shallow marine vent off the coast of Vulcano Island, Italy.
A. Isolation of novel organisms
The isolation and characterization of novel thermophilic organisms has been and
should continue to be an important field of research. The organism Thermus aquaticus
which was isolated from a hot spring in Yellowstone National Park, provided the first
high temperature activated polymerase used in polymerase chain reactions that ignited
the role of sequencing in molecular research. Another organism, Pyrococcus furiosus,
1

isolated from a shallow marine hot spring is currently used as model organism in
transcription studies.
Having an organism in culture also allows researchers to obtain whole genome
isolates. This genome data can be made available for public access and genome mining.
Current research on the evolution of a peptidoglycan-degrading enzyme using genome
mining led to the discovery of an enzyme in the Archaea Aciduliprofundum boonei,
which was isolated from a deep-sea hydrothermal vent. This is the first example of this
type of enzyme found in any Archaea. It is hypothesized that A. boonei may be using the
enzyme as a defense against bacterial competitors. Laboratory experiments testing this
hypothesis could not be done without the knowledge of how to culture this organism.
Future research on A. boonei and the peptidoglycan-degrading enzyme may lead to an
alternative method to current antibacterial treatments.
To better understand the ecological role of bacteria at marine hydrothermal vents
culture-dependent studies isolating novel species and identifying their function must be
undertaken in parallel to culture-independent studies. The importance of combining
classical methods of culturing with more recent molecular and phylogenetic tools for
taxonomic and biodiversity studies has been discussed in the literature (Vandamme et al.,
1996, Palleroni, 1997). Deep-sea vent microbial biodiversity research has expanded
significantly based on culture-independent molecular phylogenetic approaches that use
16S rRNA gene sequences. The 16S rRNA gene is approximately 1,500nt long, and is
conserved across Bacteria. When used in pairwise analysis the gene functions as a
species-specific marker. Sequence similarity cutoffs of 97% for same species and 95%
2

for same genus are generally accepted but lower thresholds have been proposed (Tindall
et al., 2010).
Since the molecular fingerprinting approach can provide information on
phylogenetic position but not on metabolic activity of the organisms, a comprehensive
characterization of isolates from marine vents is necessary for more complete
understanding of the physiological potential of hydrothermal vent microbial
communities. Laboratory culturing of bacterial strains can test for potential energy
sources, carbon sources, and optimal temperature, salinity, and pH for growth. My
research focuses on characterizing two strains of Alphaproteobacteria, designated MN-5
and TC-2, isolated from the ELSC hydrothermal vents and one strain of Aquificales,
designated NV1, isolated from a shallow vent near Vulcano Island, Italy in the
Tyrrhenian Sea.
B. Deep-sea hydrothermal vents: Geology and geochemistry
Geologic setting
Hydrothermal activity is located throughout the oceans along spreading centers,
volcanic arcs, hotspots and near subduction zones (Fig. 1). The most abundant and wellstudied setting of deep-sea hydrothermal vent activity is the mid-ocean ridge (MOR).
Basaltic seafloor spreading and formation of new crust generally characterize MORs such
as the Mid-Atlantic Ridge (MAR) and East Pacific Rise (EPR). A lesser-studied setting is
the back-arc basin (BAB), a spreading center that is characterized by its proximity to an
island arc chain and a subduction zone in which old ocean crust is subducting under an
overlaying continental plate moving in the same direction (Martinez & Taylor, 2006).
3

The melting and decomposition of the subducting plate creates variable chemistry within
the basins distinguishing them from MORs (Gamo et al., 2006).
The Lau Basin is a tectonically active back-arc basin in the southwestern Pacific
with 13 spreading centers and plate boundaries. The central part of the basin is located
behind the Tofua Arc and has three main spreading centers: the Central Lau Spreading
Center (CLSC), the Eastern Lau Spreading Center (ELSC), the largest of the three, and
the Valu Fau Ridge (VFR). Following the definition of Martinez and Taylor (2006), the
entire first-order spreading center region including the CLSC and VFR located between
19˚20ʹ′S and 22˚45ʹ′S will be referred to as the ELSC (Fig. 2). Fouquet et al. (1991) first
discovered hydrothermal vents along the VFR, including the Vai Lili vent field, but did
not look for hydrothermal activity along the ELSC. Since 2004, academic researchers
and industry miners specifically looking for hydrothermal activity along the ELSC have
discovered nine vent fields, ultimately assigning six for research purposes and three for
commercial mining use. These discoveries were made as part of a larger research
initiative: the ELSC was selected as one of the three integrated study sites in a long-term
project funded by the National Science Foundation because of its potential significance to
vent research in multiple fields. The ELSC vent fields sampled for this research, listed
from north to south, are: Kilo Moana, Tow Cam, Tahi Moana, ABE, Tui Malila, Mariner
and Vai Lili.
There are several geologic and geochemical factors that trend north to south along
the ELSC. The first factor affecting vents is the plate boundary spreading rate.
Spreading in the north occurs at a relatively fast rate of approximately 97 mm yr-1, which
4

is similar to the spreading rate of the East Pacific Rise (approximately 110 mm year-1).
The spreading rate in the south of the ELSC is around 39 mm yr-1, much slower than the
north and similar to the slow spreading rate of the Mid-Atlantic Ridge. Spreading rates
have an influence on the overall morphology of a spreading center: faster spreading
centers typically have a higher elevation than those of slower spreading centers.
However, the opposite is true of the ELSC where the faster spreading center has an axial
depth of 2700m and the slower spreading has an axial depth of 1740m. The shallower
depth is a result of the proximity to the Tofua arc, which will be discussed below.
The second significant factor affecting geochemical trends along the ELSC is the
nearby Tofua arc and associated subducting slab. The presence of a subducting slab
distinguishes BABs from MORs in several ways. Most notably, the subducting slab 1)
increases the magma supply, thickening the crust below the spreading center and 2)
increases the water content in the mantle leading to a decrease in the melting temperature.
The higher magma supply will also increase the amount of volatiles present (CO2, H2S)
and the lower melting temperature of the mantle allows for more hydrous mixing creating
unique hydrothermal fluid chemistry as the slab has greater influence. The spreading
center’s proximity to the arc is used an estimate of slab influence: the northern portion of
the ELSC is approximately 110 km away from the arc but the southern portion is
separated by only 40 km. The influence of the subducting slab can also be measured with
chemical signatures such as high Ba/Th or Ba/La ratios. Some of the highest ratios of
Ba/La have been measured at the Lau Basin (Taylor & Martinez, 2003) and a clear north
to south gradient of Ba/Th has been observed along the ELSC (Tivey et al., 2012).
5

Formation of hydrothermal vents and vent fluid
Although the geology and chemistry of MORs and BABs are different, the
general process by which the hydrothermal fluid and vent deposits are created is the
same. Hydrothermal vent deposits are the result of hydrothermal fluid exiting the
seafloor and minerals precipitating out of the fluid into the seawater (Fig 3). Submarine
hydrothermal circulation begins when seawater seeps into the ocean crust and percolates
through the rock. In the northern portion of the ELSC including the vent fields Kilo
Moana, Tow Cam, ABE and Tahi Moana, the seawater travels through a typical MOR
basalt (MORB) crust. Further south on the ridge at Mariner and Vai Lili vent fields the
mantle composition becomes more andesitic (silica-rich). As the seawater percolates
further down into the mantle it is superheated and begins to take the properties of
hydrothermal fluid. Heat first strips the fluid of magnesium and then minerals and metals
including sulfur, manganese, copper and iron are added to the fluid. The overall reactions
in the subsurface create a reduced fluid that can reach up to 400ºC. When the hot,
reduced, mineral-rich fluid exits the seafloor into the 4ºC oxygenated seawater, minerals
precipitate out of solution and form porous deposits or ‘chimneys’. The chemistry of the
precipitated chimney is dependent upon the chemistry of the substrate that the
hydrothermal fluid is exposed to.
Based on the end-member fluid there are mainly two described types of
chimneys: black smokers and white smokers (diffuse flow). In general, black smokers
have hotter hydrothermal fluid (~270-400ºC) and the black plume that is emitted from the
top opening of the chimney is metal mixing with the seawater and precipitating. White
6

smokers have lower temperature fluids (< 300ºC) and have less Cu, Fe and Ca than black
smokers. Black smokers tend to be tall and narrow with fluid emitting from the top of the
chimney conduit at rates roughly between 1 and 5 m s-1 (Tivey, 1998). White smoker
chimneys are typically shorter than black smokers with more rounded vent formations.
The fluid of white smokers escapes at a slower rate often from the base or sides of
chimneys and not from a central conduit like the black smokers (Tivey, 1995)
Temperature controls the solubility of many chemicals and the observed decrease in end
member concentrations of these chemicals from north to south along the ELSC is a result
of the hydrothermal fluid temperature gradient (Tivey et al., 2012).
Across the porous chimney walls, which can be as small as 1-3 cm in thickness or
much thicker, are geothermal and chemical gradients. The thermal gradients are only
linear if the structure of the chimney is homogeneous and mixing of seawater and
hydrothermal fluid is uniform. Thermal gradients create temperature niches for
hyperthermophiles, thermophiles and mesophiles from the inner to the outer surface of
the chimney wall. The chemical gradients found across a chimney provide a source of
energy for chemolithotrophic microorganisms (McCollum & Shock, 1997). When a
chimney is no longer active (i.e. loss of heat and chemical source) the microbial
community changes due to the loss of the geothermal gradients (Kato et al., 2010).
C. Microbial diversity at deep-sea hydrothermal vents
Characterized by high pressure and heat, and low pH, hydrothermal vents are
some of the most extreme environments on Earth and therefore host a diversity of
extremophilic microorganisms. Within a vent system, microorganisms inhabit a variety
7

of areas including the subseafloor, hydrothermal plumes, microbial mats, the chimneys of
active and inactive vents, and as symbionts with invertebrates (Fig 3). The first part of
my research focuses on the Bacteria found within the chimney walls of active vents at the
ELSC. Within the chimney wall there are microhabitats with temperatures varying from
2°-20°C on the exterior surface to 400°C at the interior. The interior surfaces of chimney
walls are colonized by hyperthermophiles, mostly Archaea (Schrenk et al., 2003), and the
outer surfaces are colonized by mesophilic Bacteria and Archaea. Overall, the outer
surfaces of chimneys have a higher cell density of microorganisms than within the
chimney or the inner surface (Takai et al., 2008). The absence of sunlight at deep-sea
vents supports life driven by chemosynthesis, energy derived from chemicals, rather than
photosynthesis. The chemosynthetic bacteria living within the chimney walls utilize the
chemical gradients between reduced vent fluids and oxidized seawater for energy and the
synthesis of organic molecules. Some of the energetically favorable oxidation-reduction
reactions available at deep-sea vents and utilized by microorganisms are listed in Table 1.
Members of one phylotype generally dominate the bacterial communities
associated with hydrothermal deposits, independent of geological setting. Previous
studies at the Central Indian Ridge (Hoek et al., 2003), Lau Basin (Flores et al., 2012b),
Juan de Fuca Ridge (Zhou et al., 2009), EPR (Sylvan et al., 2012) and MAR (LópezGarcía et al., 2003) indicate Epsilonproteobacteria, one of the five subclasses of
Proteobacteria, as the dominant Bacteria in the chimneys of deep-sea hydrothermal vents
(Fig 4). Epsilonproteobacteria at deep-sea vents are a metabolically diverse group
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including hydrogen, elemental sulphur and thiosulfate oxidizers; microaerobes; nitrate
reducers; autotrophs, heterotrophs and mixotrophs.
Bacterial communities at the ELSC
Few studies have been published on the bacterial communities associated with
sulfide deposits on the ELSC (Takai et al., 2008 Li et al., 2012 Flores et al., 2012b). In
general the communities are similar to those observed at other deep-sea vents. Analysis
of the 454 pyrosequencing data of the hypervariable V4 region of the SSU rRNA gene
revealed the presence of the Epsilonproteobacteria genus, Sulfurovum, in all sampled
chimneys (30 total) at all sampled vent fields (Kilo Moana, Tow Cam, Tahi Moana, ABE,
Tui Malila and Mariner). This was also the most abundant genus detected across all of
the ELSC. Sulfurovum sp. are mesophilic, autotrophic, sulfur and thiosulfate oxidizers
and were originally isolated from hydrothermal sediment in the Okinawa Trough (Inagaki
et al., 2004). Deltaproteobacteria were also detected in all of the sampled chimneys.
Cultured members of Deltaproteobacteria isolated from deep-sea vents include the
anaerobic Fe3+-reducing Deferrisoma camini (Slobodkina et al., 2012) and the anaerobic,
acidophilic Hippea jasoniae (Flores et al., 2012a). Members of the Alphaproteobacteria
were detected in only some of the chimneys and only in the vent fields Tahi Moana,
ABE, and Mariner.
Previous research has shown that geochemistry is a driver for the microbial life at
active hydrothermal vents (Flores et al., 2012b, Flores et al., 2011). At the ELSC the
geochemical differences at the Mariner vent field support a unique microbial community.
Many of the end-member fluid constituents increase (pH, CO2) or decrease (H2S, Fe, Mn)
9

from north to south but are completely reversed at Mariner (Mottl et al., 2011; Flores et
al., 2012b). The degassing of magmatic volatiles from a magma chamber below Mariner
is thought to be the main source of increased volatile gasses in the end-member fluid.
The increase of volatiles directly increases the acidity allowing certain metals such as Fe
to be greatly enriched in the fluid. Flores et al. (2012) showed that the bacterial
community at Mariner was statistically different from the communities of all other vent
fields on the ELSC. Their results are in agreement with previous findings at deep-sea
vents that on sub-phylum level order, the Epsilonproteobacteria are the most abundant
bacterial lineage at every sampled chimney along the ELSC but on a higher, genera-level
order, the Mariner vent field has a higher abundance of Nautilia, an anaerobic formateoxidizing thermophile, than any of the other sampled vent fields.
In addition to the described chemical variability between vent fields at the ELSC,
Takai et al. (2008) has described chemical and biological variability within the Mariner
vent field. Hydrothermal fluid and rocks from three different chimneys within the
Mariner vent field were sampled. The highest escaping temperature vent fluid was
measured at 350°C at one chimney and the two other chimneys had escaping fluid of
approximately 280°C. The highest temperature vent of the three chimneys had a higher
content of H2 in the hydrothermal fluid and the chimney was less porous than the two
others. Based on clone libraries, the bacterial composition of the hottest chimney studied
was much different than the two lower temperature vents. It had a larger diversity with
clones representing members of Alphaproteobacteria, Deltaproteobacteria,
Gammaprotebacteria and the highest number of clones representing Nitrospiraceae,
10

which are likely nitrate or sulfate reducing Bacteria. Epsilonproteobacteria, such as the
sulfur- and thiosulfate-oxidizing Sulfuirmonas sp. (Inagaki et al., 2003) mostly colonized
the lower temperature vents.

D. Shallow marine vents
The settings of shallow hydrothermal vents distinguish them both geologically
and biologically from deep-sea hydrothermal vents. Shallow submarine vents are mostly
associated with volcanic seamounts and islands and are often near shore. One exception
is the Kolbeinsey vent field, which is associated with a MOR (Fricke et al., 1989). These
shallow, near-shore vents can be heavily influenced by tidal activity, not a factor in deepsea vents, and overall have fewer endemic species associated with them than deep-sea
vents. Another difference between shallow and deep-sea vents is the maximum
temperature of hydrothermal fluid produced. In deep-sea vents, as has previously been
discussed, vent fluid temperatures can reach up to 400°C while maximum fluid
temperatures of shallow marine vents do not exceed 120°C. Although the hydrothermal
fluid of shallow marine vents is also hot and reduced, the formation of large sulfide
structures for Bacteria, Archaea and invertebrates to colonize does not occur, which is
another distinguishing difference between shallow and deep-sea vents.
Despite the absence of large sulfide deposits thermal niches still exist at shallow
marine vents allowing for a diversity of thermophilic and mesophilic microorganism to
grow. As at deep-sea vents, hyperthermophilic archaeal taxa are found in the sediment
closest to vent openings and mesophilic bacteria are found further away along the
11

temperature gradient (Hoaki et al., 1995). Several members of these hyperthermophilic
Archaea have been cultured, specifically Pyrococcus furiosus which was isolated from a
vent at Vulcano Island, Italy (Fiala & Stetter, 1986) and is now a model organism in
scientific research. Microbial mats can form near active venting and the bacteria in those
mats have been identified as members of the sulfur-oxidizing Beggiatoa sp. (Cardigos et
al., 2005), iron-reducing Gallionella ferruginea and the still uncultured “Achromatium
volutans” (Dando et al., 1996). Gugliando et al. (1998) looked at the populations of
heterotrophic bacteria at a shallow vent off the coast of Vulcano Island, Italy and found
several differences in metabolic capabilities between the sediment hosted and seawater
hosted bacterial communities. The culturable bacterial communities isolated from the
seawater just a few centimeters above the sediment were more diverse in their abilities to
use various substrates than the sediment communities. However, more isolates from the
sediment were able to grow at higher temperatures, 60-75°C, than the seawater isolates
(Gugliandolo &Maugeri, 1998). The accessibility and diversity of shallow marine vents
continue to make them an excellent habitat for isolating novel thermophilic
microorganisms.

12

Table 1. Energetically favorable reduction-oxidation reactions available for
microorganisms at marine hydrothermal vents.
Electron
Electron
Redox Reaction
Donor
Acceptor
Methanotrophy
CH4
O2
CH4 + 2O2 = CO2 + 2H2O
Methanogenesis
H2
CO2
H2 + 1/4CO2 = 1/4CH4 +
1/2H2)
0
Sulfur reduction
H2
S
H 2 + S0 = H2 S
Sulfur oxidation
H2 S
O2
H2S + 2O2 = SO42- + 7H2O
Hydrogen
H2
O2
H2 + 1/2O2 = H2O
oxidation
Iron reduction
H2
Fe(III)
H2 + 2Fe3+ = 2Fe2+ +
1/2H2O
Iron oxidation
Fe(II)
O2
Fe2+ + 1/4O2 + H+ = Fe3+ +
1/2H2O
Denitrification
H2
NO3H2 + 2/5NO3- + 2/5H2O
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Figure 1. Global distribution of marine hydrothermal vent fields

Deep-sea and shallow marine hydrothermal vents are found throughout all the oceans.
Red markers indicate known hydrothermal activity and yellow markers indicate possible
hydrothermal activity inferred from chemical anomalies. Figure taken from InterRidge
(http://www.interridge.org/IRvents)
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Tahi Moana

Figure 2. Eastern Lau Spreading Center and associated vent fields

The depth profile of the Eastern Lau Spreading Center and location of the seven sampled vent
fields. The spreading rate of the plate boundary decreases from the north (97mm yr-1 )to south
(39 mm yr-1). The southern portion of the ELSC is approximately 70km nearer to the Tofua
Arc and subduction slab. This proximity changes the geochemistry of the southern vent fields.
Figure amended from Mottl et al. (2011).
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Figure 3. Formation of deep-sea hydrothermal vents

Deep-sea hydrothermal vents form when seawater that has seeped into the earth’s crust
becomes superheated, reduced, and enriched in metals becoming hydrothermal fluid. The
fluid then escapes the seafloor at a high rate and mixes with the cold oxygenated seawater
where minerals precipitate out and form large sulfide deposits. Microorganisms colonize
the structures and utilize the chemical gradients for energy. Listed in the diagram are
members of the Epsilonproteobacteria that inhabit niches of the hydrothermal system
including plumes, chimneys, the subseafloor and associated with invertebrates. Figure
from Tivey (2001).
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Figure 4. Bacterial taxa at the ELSC
0
%
KM-2
KM-35
KM-36
TC-26
TC-46
TC-61
TC-62
TaM-47
TaM-48
TaM-49
TaM-50
TaM-51*
TaM-52
ABE-3
ABE-5
ABE-6
ABE-7
ABE-33
ABE-34
TuM-17
TuM-21*
TuM-30
Mariner-12
Mariner-14
Mariner-15
Mariner-39
Mariner-40
Mariner-42
Mariner-58
Mariner-59

25%

50%

75%

100%

Epsilonproteobacteria
Deltaproteobacteria
Gammaproteobacteria
Aquificales
Deferribacteres
Deinococcus-Thermus
Thermodesulfobacteria
Caldisericia
Bacteroidetes
Chloroflexi
Alphaproteobacteria
Firmicutes
OD1
Thermotogae
Unclass. Bacteria
Unclass. Proteobacteria
Others

Pyrosequencing data of the hypervariable V4 region of the small subunit ribosomal RNA.
Each bar represents one sampled chimney along the ELSC and colors distinguish
bacterial phylums. The red bars indicate members of the Epsilonproteobacteria which
are the dominant members at each chimney. The light purple bars indicate
Alphaproteobacteria which are in low abundance but present in many of the sampled
chimneys. Figure from Flores et al. (2012b)
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II. Thermopetrobacter lauensis gen. nov., and Thermopetrobacter submarinus sp. nov.,
two thermophilic hydrogen-oxidizing members of Alphaproteobacteria isolated from
deep-sea hydrothermal vents
Abstract
Two thermophilic Gram-negative bacteria, designated strain MN-5 and strain TC-2, were
isolated from two different deep-sea hydrothermal vent chimneys along the Eastern Lau
Spreading Center in the Southwest Pacific. Both strains are aerobic, capable of
chemoautotrophic growth on hydrogen and grow best at 55°C, pH 6 and 3.0% NaCl.
Strain MN-5 is capable of heterotrophic growth on pyruvate and malate and TC-2 is only
able to grow heterotrophically with pyruvate. The GC content of MN-5 is 69.1 and TC-2
is 67 mol%. GenBank BLAST results from the 16S rRNA gene reveal the most closely
related sequence to MN-5 is 90% similar and the most closely related sequence to strain
TC-2 is 89% similar. Both phylogenetic and physiological examination of the two strains
support the proposal of a new genus within the order Rhizobiales, Thermopetrobacter
gen. nov., with the strain MN-5 proposed as the type species Thermopetrobacter lauensis
sp. nov. and strain TC-2 as a second species to be named Thermopetrobacter submarinus
sp. nov.
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Introduction
The Alphaproteobacteria are a diverse group of microorganisms currently
consisting of 10 described orders living in habitats that range from freshwater lakes in
Antarctica (Fukuda et al., 2012), hot spring sediments (Panday & Das, 2010) and
hydrothermal plumes (Rosario-Passapera et al., 2012). While many mesophilic
Alphaproteobacteria are in culture, only a few thermophilic strains have been cultured
including Tepidamorphus gemmatus (Albuquerque et al., 2010), Acidicaldus organivorus
(Johnson et al., 2006), Eliorea tepidiphila (Albuquerque et al., 2008), Thermovum
composti (Yabe et al., 2012), Jhaorihella thermophila (Rekha et al., 2011) and
Chelatococcus sambhunathii (Panday & Das, 2010). However, only one of the cultured
thermophilic free-living Alphaproteobacteria has been isolated from a deep-sea
hydrothermal vent chimney, Piezobacter thermophilus (Takai et al., 2009).
Alphaproteobacteria have been detected globally in deep-sea hydrothermal vent
chimneys at low abundance but their ecological role is unknown (Takai et al., 2008,
Huber et al., 2003, López-García et al., 2003). This paper describes two novel
thermophilic isolates cultured from the sulfide deposits of hydrothermal vents on the
ELSC that are phylogenetically related to members of the order Rhizobiales.
The diverse geological setting of the ELSC makes it an ideal environment to study
patterns of diversity and search for novel lineages of life. The ELSC is an approximately
400 km long active back-arc spreading center lying above a subduction zone in the Lau
Basin in the southwestern Pacific. The spreading center extends north to south from
19˚20ʹ′S to 22˚45ʹ′S to the west of the Tofua Arc. In general, from north to south along the
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back-arc spreading axis, the spreading rate decreases, the depth decreases and the
distance between the spreading center and the Tofua Arc and subducting slab decreases.
These three geologic factors influence the geochemistry of the hydrothermal vent fluid
and chimneys and create north to south geochemical trends along the ELSC.
We collected hydrothermal vent deposits from seven vent fields on the ELSC in 2005
and 2009. Enrichments targeting members of the Aquificales were performed to isolate
Persephonella and identify biogeographic patterns along the ELSC. These enrichments
led to the isolation of ten novel strains identified as Alphaproteobacteria based on the
16S rRNA gene sequence.
Methods
Sample collection, enrichment and isolation
Chimney samples were collected from hydrothermal vents along the ELSC in
June 2005 and 2009 using the remotely operated vehicle (ROV) Jason II onboard the R/V
Thomas G. Thompson. Once onboard, rock samples were sectioned and ground to rock
slurries for use as inocula for enrichment culturing. Rock slurry inocula (0.5 mL) were
added to Balch tubes with 5 mL of modified (Marine MSH media as described in Gotz, et
al. (2002) under a H2:CO2 (20:80) gas phase. Oxygen (5% total volume) was added to
the tubes and cultures were incubated at 65°C for 2-3 days until growth was observed by
turbidity.
To confirm purity of cultures, DNA was extracted using the Qiagen DNeasy
Blood and Tissue Kit, and the 16S rRNA gene was amplified with the primers 8F and
1492R (Gotz et al., 2002), the PCR product was cleaned (Qiagen QIAquick PCR
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Purification Kit) and then sequenced using Sanger sequencing to confirm purity of the
culture. Once purity was confirmed, cultures were prepared for long-term storage in 10%
glycerol (v/v) and stored in liquid nitrogen.
Molecular identification and phylogeny
After purity of the ten novel strains was confirmed the partial 16S rRNA gene
sequence of each isolate was assembled and trimmed in SeqMan
(http://www.dnastar.com) and subjected to searches in GenBank using the alignment tool
BLAST (Altschul et al., 1990). BLAST searches producing results with no sequences
from the database with greater than 95% similarity to any of the novel sequences would
support the naming of a novel genus and results with no sequences of greater than 97%
support the naming of a new species.
The phylogenetic placement of the novel ELSC Alphaproteobacteria isolates
relative to previously cultured members of the Alphaproteobacteria and
Alphaproteobacteria clones from deep-sea hydrothermal vents was assessed. The 11
species of Alphaproteobacteria chosen for comparison represent five families including
Rhodobiaceae, Rhodobactereaceae, Aurantimonadaceae, Hyphomicrobiaceae and
Cohaesibacteraceae. A dataset comprised of partial 16S rRNA sequence data for the 10
novel isolates and 11 representative taxa was aligned using MUSCLE (Edgar, 2004).
The alignment was subsequently checked for errors and edited manually before
constructing a phylogenetic tree in MEGA5 (Tamura et al., 2011). A Maximum
Likelihood analysis was performed using the Kimura evolutionary model that infers two
substitution rates: one for transitions (A<-> G, C<->T) and one for transversions (A<->T,
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A<->C, G<->T, G<->C). Five hundred bootstrap replicates were then conducted to
assess branch support. Based on the distinct branching patterns of the ELSC isolates, two
representative isolates, from two monophyletic clades will be chosen for further
characterization.
The two isolates chosen for full characterization were MN-5 and TC-2 for two
reasons. The first is their phylogenetic branching. The two isolates branch in separate
clades but within one monophyletic clade. This branching pattern supports two distinct
species within one genus. The second reason is the location of vent field from which the
strains were isolated. Strain MN-5 was isolated from the second-most southern vent field
on the ELSC, Mariner, and strain TC-2 was isolated from the second-most northern vent
field, Tow Cam. The geographic distance and geochemical difference between the places
of isolation of these two strains supports the potential global distribution of this novel
genus Thermopetrobacter.
Morphological characteristics
To asses morphological characteristics, cells were preserved with a 2%
glutaraldehyde final solution and prepared as described previously by Flores et al.
(2012a) for transmission electron microscopy. Characteristics including size, shape and
presence of flagella will be determined by analysis of the images.
Growth Parameters
To determine the optimal conditions (temperature, pH, salinity, and oxygen
concentrations) for growth of strains MN-5 and TC-2 a series of experiments were
performed. First, strains were grown in temperatures at five degree intervals from 4022

70°C. Once optimum temperature was determined, the optimal pH was found by
growing the cultures in media with pH from 4.0-7.5 at increments of 0.5. Media with pH
between 4.0-5.0 was buffered with MES and pH was tested before and after autoclaving
and after three days of growth. After the optimal pH was determined, media with NaCl
concentrations between 0-5% at increments of 0.5% was prepared to determine optimal
salinity. Finally, to test the amount of oxygen in the atmosphere required for growth,
definite amounts of oxygen were added to the tubes, between 0-15.0%. MN-5 media was
supplemented with 0.02% yeast extract. All growth experiments were grown in triplicate
in 5 mL of media. To assess growth rates, a 0.2 mL sample was taken from each culture
at time points over two to four days and fixed in a formaldehyde solution (9% final
concentration) for microscopy. Cell growth was measured by direct cell counts from
fixed samples using a Petroff-Hausser counting chamber.
Nucleic acid composition
Genomic DNA was extracted using the Fermentas DNA Purification Kit
(#K0512) for genomic G+C mol% analysis. Total DNA was diluted to a final
concentration of 25 ng uL-1 in 1X saline-sodium citrate buffer. The total genomic DNA
melting temperature was determined using the thermal denaturation method (Marmur &
Doty, 1962) on a Cary 100 Bio UV-Visible Spectrophotometer. To calculate G+C mol%
from the melting temperature the following equation was used:
G+C mol% = (Tm – 69.3) * 2.44
In the equation, Tm is the temperature at which 50% of the highest absorption is
achieved. Three total melts were performed to calculate an average melting temperature.
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Sources of energy and carbon
To determine the isolate’s ability to grow using alternate electron donors and
electron acceptors, cultures were grown in triplicate at optimum conditions. If growth
was observed, the cultures were transferred at least once to ensure no substrate carry-over
from the inoculating culture. To test electron acceptors, media was prepared in the same
manner as described above but oxygen was not added after autoclaving. Oxygen was
replaced with (0.1% w/v) elemental sulfur, sulfate (in the form Na2SO4), nitrate (NaNO3),
thiosulfate (Na2S2O3), or Fe3+ (ferric citrate).
To test utilization of alternate electron donors, H2 gas was not added to the final
headspace and one of the following substrates added: (10mM) formate, thiosulfate,
ammonium chloride, acetate, malate, succinate and (0.1% w/v) S0, pyruvate and (0.1%
v/v) methanol. N2 gas was added to the headspace to bring to pressure (200 kPa). To test
heterotrophic versus autotrophic growth modified MSH media without CO2 bubbled into
the media was prepared and a single organic substrate was added after autoclaving. The
following organics were tested (0.1% w/v and 0.02% v/v): Casamino acids, acetate, yeast
extract, peptone, fructose, sucrose, glycerol, pyruvate, sorbitol, lactate, malate tryptone,
ribose, glucose and (0.05% w/v) starch.
Results
Isolation and identification
In total, ten pure cultures were isolated from deep-sea hydrothermal vent chimney
samples. Strain MN-5 was isolated from a chimney (actively venting fluid of 199°C) at
the Mariner vent field in the southern portion of the ELSC (176°54’W, 22°16.2’S, depth
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of -1921 m, sample number J2-448-4-R1). Strain TC-2 was isolated from a chimney in
the Tow Cam vent field (actively venting fluid of 283°C) in the northern portion of the
ELSC (176°11.7’W, 20°27.9’S, depth of -2710 m, sample number J2-451-3-R1). A full
list of the ten isolated strains and where they were isolated is available in Table 2 and
Figure 5. All sequences were within 96% similarity to one another and comparison of
these ten sequences to sequences in the GenBank database found that all were between
89-95% similar to any published 16S rRNA gene sequence, indicating a novel genus of
Alphaproteobacteria.
Phylogenetic analysis
Phylogenetic analysis of the 10 strains revealed a new, well-supported,
monophyletic clade, sister to previously reported Alphaproteobacteria found at deep-sea
hydrothermal vents, indicating the necessity for the description of a new genus (Fig 6).
Within this new group, two distinct clades are formed, one containing MN-5, TC-2, VL3, and KM-3, and the other containing the six remaining isolates. The two isolates MN-5
and TC-2 were chosen for further characterization for two reasons. The first is their
phylogenetic branching. The two isolates branch in separate clades but within one
monophyletic clade. This branching pattern supports two distinct species within one
genus. The second reason is the location of vent field from which the strains were
isolated. Strain MN-5 was isolated from the second-most southern vent field on the
ELSC, Mariner, and strain TC-2 was isolated from the second-most northern vent field,
Tow Cam. The geographic distance and geochemical difference between the places of
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isolation of these two strains supports the potential global distribution of this novel genus
Thermopetrobacter.
Within the first clade strain MN-5 is sister to the isolate VL-3 which was isolated
from the Vai Lili vent field. Vai Lili is 10 km south of Mariner and is the closest vent
field to Mariner we sampled. Strain TC-2 is in a separate sister clade with the isolate
KM-3 from the Kilo Moana vent field approximately 30 km north of the Tow Cam vent
field. Again, Kilo Moana and Tow Cam are nearer to each other than to other sampled
vent fields.
Morphological characteristics
Morphological identification was Rod and ovoid shaped cells were observed
under transmission electron microscopy for both MN-5 and TC-2. The Gram-negative
cell wall can be seen in Fig 7a. Negative staining did not reveal the presence of flagella
or endospores. Small aggregates of cells were sometimes observed for MN-5 (Fig 7b)
and TC-2 (Fig 7c).
Growth parameters
The temperature, pH and NaCl concentration ranges for both strains were similar
(Table 3). Strain MN-5 grew between 45-65°C while strain TC-2 grew between 48-65°C
(Fig 8). Both strains had an optimum growth temperature of 55°C. The pH range for
MN-5 was between 5.0-7.0 with an optimum of 6.0. The pH range for TC-2 was between
5.0-6.5 with an optimum of 6.0. The range of salinity MN-5 could grow between was 1.0
-4.0% and TC-2 was able to grow between 2.5- 3.5%. Both strains had an optimum of
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3.0% NaCl. MN-5 grew best with 13% O2 in the atmosphere and TC-2 grew best with
10% O2 in the atmosphere.
Nucleic acid composition
The G+C content (mol %) of strain MN-5 is 69.1 and of strain TC-2 is 67.5 (Figs
9-10).
Sources of energy and carbon
Both MN-5 and TC-2 are capable of autotrophic growth and use hydrogen as an
electron donor and oxygen as the sole electron acceptor. In addition to hydrogen gas both
strains were able to grow using pyruvate as an electron donor in the presence of O2. Only
MN-5 was able to grow using malate, formate and NH4Cl as an energy source in the
presence of O2. The presence of pyruvate in the media in place of CO2 did support the
growth of both strains but no other carbon compound supported growth without CO2.
Table 3 compares growth characteristics of strains MN-5 and TC-2 to other
Alphaproteobacteria from thermal systems.
Discussion
Enrichment cultures of chimney samples from hydrothermal vents along the
ELSC collected in June 2009 reveal a novel group of Alphaproteobacteria. Based on
further characterization and analysis of two strains, TC-2 and MN-5, we propose a new
genus within the order Rhizobiales, Thermopetrobacter gen. nov., with the strain MN-5
proposed as the type species Thermopetrobacter lauensis sp. nov. and strain TC-2 as a
second species, Thermopetrobacter submarinus sp. nov. The remaining uncharacterized
strains, all within 95% similar of one another are new species of the genus
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Thermopetrobacter and should be confirmed with physiological and genomic
characterization.
Despite no similar sequences in GenBank to any of the ten Alphaproteobacteria
isolates from the ELSC there are data which support a global distribution of the new
genus Thermopetrobacter. Recent research exploring the microbial diversity of deep-sea
vents has provided a large amount of 454 pyrosequencing data based on the
hypervariable V4 region of the 16S rRNA. In 2011, Flores et al., classified 454
sequencing data from deep-sea hydrothermal vent sites around the world according to the
Ribosomal Database Project’s (RDP) Pyrosequencing Pipeline and clustered it into OTUs
using the Huse method (Huse et al., 2010). The V4 regions of the 16S rRNA gene of ten
Thermopetrobacter isolates were compared to the clustered OTUs and OTUs with 97%
similarity to some of the Thermopetrobacter were found at the TAG and Lucky Strike
vent fields on the Mid-Atlantic Ridge. Analysis of new 454 data (unpublished) from the
Central Indian Ridge, and EPR reveal the presence of OTUs with 95% similarity
(approximately 300nt long alignments) of either MN-5 or TC-2 at both ocean ridges.
Although the short hypervariable sequences are similar enough to be classifies as within
the same genus (>95%), phylogenetic trees constructed with these data still produce a
distinct clade containing only the ten isolates from the ELSC.
Hydrogen oxidizing bacteria have previously been isolated and cultured from
deep-sea vents (Aquifex, Persephonella sp.) but the Thermopetrobacter are among the
first thermophilic members of Alphaproteobacteria now in culture. Previous research
using clone libraries and pyrosequencing data has detected Alphaproteobacteria in both
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non-active deep-sea vents (Kato et al., 2010) vent plumes (Huber et al., 2003) and
hydrothermal sediments (Lopez-Garcia et al., 2003). These clone sequences do not
branch with the Thermopetrobacter but with the exception of the non-active deep-sea
vent samples might also be thermophilic Alphaproteobacteria. Targeting areas for
sampling where Alphaproteobacteria have been detected and using enrichment culturing
the way we have done in this study may lead to the discovery of more thermophilic
Alphaproteobacteria from deep-sea vents.
The ability of the two described strains of Thermopetrobacter to grow in the
presence of higher concentrations of oxygen than is tolerated by other hydrogen oxidizing
bacteria is an interesting characteristic. The hydrogenases of hydrogen oxidizing bacteria
are typically sensitive to oxygen but the cells still require low levels of oxygen as the
final electron acceptor. One species grows best with oxygen levels between 1 to 5%
(Stohr et al., 2001) and another grows best with much lower levels between 0.6 to 0.8%
(Nakagawa et al., 2003). Microaerophilic niches in the environment allow these bacteria
to survive, however, Takai et al. (2008) recorded growth of hydrogen oxidizing bacteria
under elevated oxygen levels (10%) isolated from the surface of a hydrothermal chimney
at the Mariner vent field. They propose that unique physical structures and chemical
mixing within a chimney create a microhabitat for bacteria, like Thermopetrobacter, to
live at deep-sea vents. The hydrogenases of Thermopetrobacter may also be more O2
tolerant than those of the microaerophilic hydrogen oxidizing bacteria mentioned above.
More sampling and culturing from deep-sea vents is needed to understand the roles of
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any potential microhabitat and unique hydrogenases allowing these new
Alphaproteobacteria to live in these extreme environments.
A final unique characteristic of these new species is their ability to use CO2 and a
very small selection of simple organics as sources of carbon and energy. The carbon
fixation pathway of strains MN-5 and TC-2 was not investigate so it is unknown if the
strains are using the reductive tricarboxylilc acid (rTCA) cylce, common in other oxygensensitive bacteria including the Aquificales, or have the enzyme 1,5-biphophate
carboxylase-oxygenase (RubisCO) for carbon fixation. Future work to resolve this
question should be done and will help understand the ability of these enzymes to function
at elevated oxygen levels.
Conclusions
In conclusion, both genetic and metabolic characterizations of strains MN-5 and
TC-2 support the classification of two new species of bacteria. The two strains are the
first described members of the newly described Thermopetrobacter genus. Eight other
cultures isolated from the same deep-sea hydrothermal vent region remain
uncharacterized but are genetically similar to strains MN-5 and TC-2. The unique
physiology of these strains also points to new questions on the tolerance of certain
enzymes to elevated oxygen levels. The following are the descriptions of the novel genus
and species:
Description of Thermopetrobacter gen. nov.
Thermopetrobacter (Ther.mo.pe.tro.bac’ter: Gr. adj. thermos, hot; Gr. n. petr, rock; N. L.
masc. n. bacter, rod shape). Cells are rod to ovoid shaped, Gram-negative and grow
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singularly or in clusters in culture. Energy is derived from hydrogen oxidation and
carbon is fixed from CO2. Cells grow in mesophilic to thermophilic conditions best at 3%
NaCl, pH 6 and between 10-14% O2.
Description of Thermopetrobacter lauensis sp. nov.
Thermopetrobacter lauensis (lau.en’sis N.L. gen. adj. lauensis pertaining to Lau, the site
of isolation).
Non-motile rods, 1.5 µm long and 0.5 µm wide. Chemoautotrophic, strict aerobe. Cells
grow between 45-65°C, pH between 5.0-7.0, salinity between 1.0-4.0% NaCl. The cells
can use hydrogen, formate, yeast extract, peptone, tryptone, thiosulfate, Casamino acids
and ammonium chloride as sources of energy. Cannot grow on any carbon source other
than CO2. Doubling time at 55°C, pH 6 and 3.0% NaCl is 6.7 hours. The G+C content of
the genomic DNA is 69.09 mol%.
Description of Thermopetrobacter submarinus sp. nov. (TC-2)
Thermopetrobacter submarinus (sub.ma’ri.nus. L. pref. sub- under; L. adj. marinus
marine; N.L. adj submarinus from a submarine area).
Non-motile rods, 1.5 µm long and 0.5 µm wide. Chemolithoautotrophic, strict aerobe.
Cells grow between 48-65°C, pH between 5.0-6.5, salinity between 2.5-3.5% NaCl. The
cells can use hydrogen, as sources of energy. Cannot grow on any carbon source other
than CO2. Doubling time at 55°C, pH 6 and 3.0% NaCl is 8.7 hours. The G+C content
of the genomic DNA is 67.6 mol%.
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Table 2. The ten Alphaproteobacteria isolates from the Eastern Lau Spreading Center
Strain
Vent Field
Latitude
Longitude Rock number GenBank
Designation of Isolation
Accession
KM-3
Kilo Moana 176°13’W
J2-434-2-R1 JX833614
20°05’S
KM5-1n
Kilo Moana 176°13’W
J2-124-5-R1 JX833621
20°05’S
TC-1
Tow Cam
J2-443-4-R1 JX833616
176°8’W
20°19’S
TC-2
Tow Cam
J2-451-3-R1 JX833617
176°11’W
20°27’S
TC-5
Tow Cam
J2-443-3-R1 JX833618
176°8’W
20°19’S
TC5-3
Tow Cam
J2-127-5-R1 JX833622
176°13’W
20°31’S
TAMO-1
Tahi Moana 176°11’W
J2-444-8-R1 JX833615
20°41’S
TUMA-3
Tui Malila
J2-447-2-R1 JX833619
176°11’W
22°41’S
MN-5
Mariner
J2-448-4-R1 JX833613
176°54’W
22°16’S
VL-3
Vai Lili
J2-439-1-B1 JX833620
176°36’W
22°12’S
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Table 3. Comparison of similar thermophilic Alphaproteobacteria to strains MN-5 and
TC-2.
1, MN-5; 2, TC-2; 3, Tepidamorphus gemmatus CB-27AT (Albuquerque et al., 2010); 4, Elioraea
tepidiphila TU-7T (Albuquerque et al., 2008); 5, Thermovum composti Nis3T (Yabe et al., 2012); 6,
Chelatococcus sambhunathii HT4T (Panday & Das 2010).
Characteristic
Temperature
range (°C)
(optimum)
pH range
(optimum)

1
45-65
(55)
5.0-7.0
(6.0)

2
48-60 (55)

3
(45-50)

4
30-50
(45-50)

5
23-57 (50)

6
20-50
(37-42)

5.0-6.5
(6.0)

7.5-8.5

6.0-9.5
(8.0-8.5)

5.9-8.8 (7.0)

6.0-8.5
(7.5-8.0)

NaCl range
(optimum)
(%, w/v)

1.0-4.0
(3.0)

2.5-3.5
(3.0)

0-3 (0-1)

ND

0.0-4.0

0.0-3.0

G+C content
(mol%)

69.1

67.6

66.9

70.9

63.5

67.8

Electron donor

H 2,
pyruvate,
malate,
formate,
NH4Cl

H 2,
pyruvate

organotroph

S 2O 32

organotroph

organotroph

Electron acceptor

O2

O2

O2

O2

O2

O2, NO3

Carbon Source

CO2,
pyruvate,
malate

CO2,
pyruvate,

heterotroph

heterotroph

heterotroph

heterotroph

ND, Not Determined
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Figure 5. Topographic map of the ELSC with location of strains’ isolation

KM-3, KM5-1n
TC-1, TC-2, TC-5, TC5-3

TAMO-1

TUMA-3
MN-5
Vai Lili

VL-3

Blue dots on the map show the location of the seven sampled hydrothermal vent fields on
along the ELSC. To the right of the map are the names of the ten novel
Alphaproteobacteria juxtaposed from the site of isolation.
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Figure 6. Phylogenetic tree with novel Alphaproteobacteria
99
99

85

Thermopetrobacter submarinus TC-2 (JX833617)
KM-3 (JX833614)
VL-3 (JX833620)
99 Thermopetrobacter lauensis MN-5T (JX833613)
98
TC5-3 (JX833622)
81 TC-5 (JX833618)
KM5-1n (JX833621)
91
TAMO-1
(JX833615)
100
TUMA-3 (JX833619)
83
TC-1 (JX833616)
Matomo55 16S rRNA partial sequence (AB548703)
100 Alphaproteobacterium RM Sur55-1 (AB518741)
Prosthecomicrobium sp. (GQ221768)
Tepidamorphus gemmatus (GU187912)
99
Chelatococcus sambhunthii (DQ322070.2)
100
Jhaorihella thermophila (EU287912)
67
Piezobacter thermophilus (AB468958)
P. hydrocarboniclasticumT (GU574708)
Thermovum composti (AB563785.2)
Cohaesibacter gelatinilyticus (DQ386307)
Prosthecomicrobium
litoralum (GQ221764)
61
Elioraea tepidiphilaT (EF519867)
Acidicaldus organivorans (AY140238)
100
E. coli (ATCC 11775T)

0.02

A Maximum Likelihood phylogenetic tree showing a newly discovered clade of
Alphaproteobacteria of isolates from the Eastern Lau Spreading Center deep-sea vents.
Two strains selected for further characterization, MN-5 and TC-2 are in bold. GenBank
accession numbers are in parenthesis. Bootstrap values above 60 shown. The bar is 0.02
substitutions per nucleotide site.
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Figure 7. Thin section electron micrographs of strains MN-5 and TC-2
a.

c.

b.

d.

Thin slice transmission electron micrographs of (a-b) MN-5 and (c-d) TC-2. Single cells
(a) and small clumps of cells (b) were often observed during MN-5 growth. Darker
regions in negative stains (c) indicate places with higher amounts of electrons. The bars
in a. and d. are 200 nm and the bars in b. and c. are 0.5 µm.
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Figure 8. Temperature dependent growth rates of strains MN-5 and TC-2
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Temperature dependent growth curves for (a) MN-5 and (b) TC-2. Data from three
growth trials for each strain are presented and error bars represent standard deviation.
Both strains have an optimal growth rate at 55°C but MN-5 has a larger thermal growth
range.
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Figure 9. Melting curves of MN-5 genomic DNA
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Thermal denaturation of strain MN-5 genomic DNA. The insert of each melting curve
shows the linear portion of the melt. The slope of this line is used to calculate the
melting temperature of the DNA.
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Absorbance (260nm)

Figure 10. Melting curves of TC-2 genomic DNA

Temperature (°C)

Thermal denaturation of strain TC-2 genomic DNA. The insert of each melting curve
shows the linear portion of the melt. The slope of this line is used to calculate the
melting temperature of the DNA.
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III. Hydrogenothermus shoalensis sp. nov., a novel thermophilic hydrogen-oxidizing
bacterium isolated from a shallow marine vent
Abstract
A novel thermophilic microaerophilic hydrogen-oxidizing bacterium, designated
NV1, was isolated from the sediment of a shallow marine vent off the coast of Vulcano
Island, Italy. The cells are rod-shaped, approximately 1.5 µm long and 0.7 5µm wide,
motile by means of a polar flagellum and grow singularly or in short chains. Cells grow
chemoautotrophically using hydrogen or thiosulfate as electron donors and oxygen as the
sole electron acceptor. Growth was observed between 45 and 75°C with an optimum of
65°C (doubling time 140 min), pH 4.0-6.5 and requires NaCl (0.5-6.0% w/v). The G+C
content of total DNA is 32 mol%. The closest 16S rRNA sequences in GenBank are
Hydrogenothermus marinus (96.5%) Persephonella hydrogeniphila (94.3%) and
Persephonella guaymasensis (94.8%). Phylogenetic analysis based on the16S rRNA
gene sequence places the isolate in the genus Hydrogenothermus. We propose the strain
NV1 be a new species within the genus Hydrogenothermus to be named
Hydrogenothermus shoalensis sp nov.
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Introduction
The Aquificales are a deeply branched order of thermophilic bacteria made up of
three families: Aquificaceae, Hydrogenothermaceae and Desulfurobacteriaceae. All
described members can use either hydrogen or reduced sulfur species as electron donors.
Isolates are either microaerophilic, needing only 2.0-3.0% oxygen as an electron acceptor
while others including all members of the Desulfurobacteriaceae are anaerobic. Most
species grow at neutral pH. Cultured strains have also been isolated from marine and
freshwater environments including terrestrial hot springs (Aguiar et al., 2004) and gold
mines (Takai et al., 2003).
Members of the Aquificales isolated from marine environments include
Hydrogenovirga okinawensis, Desulfurobacterium atlanticum, Desulfurobacterium
pacificum, Persephonella marina, Persephonella guaymasensis and Persephonella
hydrogeniphila isolated from deep-sea hydrothermal vents (Nunoura et al., 2008,
L'Haridon et al., 2006, Gotz et al., 2002, Nakagawa et al., 2003) and Hydrogenothermus
marinus and Aquifex aeolicus isolated from shallow marine vents (Stohr et al., 2001,
Huber et al., 1992). All three families of Aquificales have been isolated from deep-sea
hydrothermal vents but no described member of Desulfurobacteriaceae has been isolated
from a shallow marine vent. All of these marine isolates are chemolithoautotrophic.
Based on phylogenetic and physiologic analysis we propose a new species isolated from
a shallow marine vent of Vulcano Island, Italy within the genus Hydrogenothermus to be
named Hydrogenothermus shoalensis gen. nov.
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Methods
Sample Collection, enrichment and isolation
Sediment samples were collected for use as inocula from a shallow marine vent
on the northern coast of Vulcano Island, Italy in 2007. Samples were inoculated in
marine hydrogen-oxidizing media as prepared as described in Gotz et al., (2001) to
enrich for members of the Hydrogenothermaceae family. A serial dilution to extinction
method was used to isolate single pure cultures. Cellular growth was identified by
turbidity and microscopy.
Identification and phylogeny
DNA was extracted from the cells of suspected pure cultures with the Qiagen
DNeasy Blood and Tissue Kit. The 16S rRNA gene was amplified by PCR using the
universal bacterial 8F and 1492R primers. The PCR product was cleaned then prepared
for Sanger sequencing to confirm purity and identify the culture. Once purity was
confirmed, partial 16S rRNA gene sequences were compared to the sequences in
GenBank using BLAST (Altschul et al., 1990) to reveal similarity to previously
deposited sequences.
The nearly complete 16S rRNA sequence of NV1 was aligned with 11 other
sequences within the Aquificales. Alignments were prepared first using MUSCLE
(Edgar, 2004) and then edited manually. Cultured members representing the genera
Persephonella and Sulfurihydrogenibium, Aquifex, Hydrogenobaculum and
Hydrogenobacter were included in the analysis. All sequences but the
Hydrogenothermus marinus (strain VM1) sequences were obtained from GenBank. The
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sequence for strain VM1 deposited in GenBank has a 33nt long missing gap but a more
complete sequence is available from the Aquificales Data Warehouse website
(http://alrlab.research.pdx.edu/Aquificales/). A sequence from a clone library obtained
from a shallow hot spring in Papua New Guinea was also included in the analysis. This
sequence is 98% similar to NV1 (based on 1433nt) but is named as a Persephonella sp.
Maximum likelihood and Neighbor Joining analyses were performed using the Kimura
evolutionary model to construct a phylogenetic tree in MEGA5 (Tamura et al., 2011).
Tree branching was supported with 500 bootstrap replicates.
After phylogeny was resolved cells were preserved with a 2% glutaraldehyde
final solution and prepared as described previously (Flores et al., 2012a) for thin section
electron microscopy. Thin section micrographs will reveal the presence of flagella, cilia
and vesicles as well as allow for more accurate size measurements. Electron micrographs
may also assist in determining the type of cell division the cells go through.
Growth parameters
Cell growth rates were measured to determine optimal temperature, pH and NaCl
concentrations. All cultures were grown in Balch tubes with 5ml of media an atmosphere
of H2:CO2 (80:20) with 3% oxygen added, pH 6.0 and 3.0% NaCl. Cultures were grown
in triplicates and tested over a temperature range between 40-80°C at 5° increments.
Once the optimum temperature was determined cultures were grown at that temperature
under a pH range between 4.0 and 7.5 at 0.5 increments. NaCl concentrations were
tested between a range on 0.0 and 7.0%. A 0.2 ml sample of each replicate was taken at

43

multiple times during cell growth, fixed in formaldehyde (9% final concentration) and
cells were counted using a Petroff-Hauser counting chamber.
Growth rates are calculated during log phase of cell growth. The slope of the
linear portion of the growth curve is first calculated which is then used to calculate the
cell’s doubling time using the following formula:
(ln(2))/m = doubling time
In the equation m equals the slope of the line. The growth rate is the inverse of the
doubling time.
Nucleic acid composition
The melting temperature of the genomic DNA was determined using the thermal
denaturation method (Marmur & Doty, 1962) on a Cary 100 Bio UV-Visible
Spectrophotometer. Three thermal melts were performed from 40 to 100°C to calculate
an average melting temperature. The average melting temperature was used to calculate
the G+C mol%.
Sources of energy and carbon
The ability of NV1 to grow using various sources of energy and carbon was tested
by growing cultures in optimum conditions and comparing initial and final cell densities.
Cultures were transferred at least once to prevent growth due to carry-over of substrates
from the inocula. Hydrogen gas was replaced with (10mM) thiosulfate and (0.1% w/v)
elemental sulfur to test alternative electron donors with O2 as the electron acceptor. To
test alternate electron acceptors O2 was replaced with (10mM) thiosulfate, sulfate, nitrate
and (0.1% w/v) elemental sulfur with H2 as the electron donor. To test the use of organic
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carbon sources media was prepared without CO2 bubbling and filter sterile organics
added after media was autoclaved. Carbon sources tested included: (0.1%v/v) fructose,
sucrose, lactate, acetate, pyruvate, glucose and glycerol.
Results
Isolation and identification
A pure culture was obtained from the Vulcano Island shallow marine vent
sediment sample. Analysis of the 16S rRNA gene identified it as a member of the genus
Hydrogenothermus. Results from a BLAST search against the GenBank database
revealed the closest related sequence was only 96.5% similar, supporting the
classification of a novel species within the genus Hydrogenothermus.
Analysis of electron micrographs showed rod shaped cells, approximately 1.5 µm
long and 0.75 µm wide. Under optimum growth conditions both single cells and short
chains were observed. Growth at higher temperatures often resulted in longer chains.
Motility was observed under phase contrast microscopy and thin sliced transmission
electron micrographs showed the presence of monopolar flagella (Fig 11).
Phylogenetic analysis
Overall, all members of the family Hydrogenothermaceae used in the analysis
branch in one monophyletic group sister to a clade with all the members of the family
Aquificaceae (Fig 12). Maximum likelihood analysis placed strain NV1 in a clade with
the Hydrogenothermus marinus with strong bootstrap support. Also branching within the
clade is the clone sequence from a shallow hot spring in Papua New Guinea (GenBank
accession ID JN881654). This clade is sister to a clade containing the two
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Sulfurihydrogenibium members. Phylogenetic analysis supports the placement of strain
NV1 within the genus Hydrogenothermus.
Growth parameters and sources of energy and carbon
Cells grew between a range of 45 and 75°C, pH 4.5 and 6.5 and NaCl
concentrations of 0.5 and 6.0%. The optimal conditions are 65°C, pH 6.0 and 2.5%
NaCl and cells had a doubling time of 140minutes at these conditions. Cells were able to
grow with H2 and thiosulfate as electron donors and oxygen as the sole electron acceptor.
No growth was observed when CO2 was omitted from the media.
Nucleic acid composition
The average genomic DNA melting temperature of NV1 is 82°C and the average G+C
mol% is 32.
Discussion
The placement of strain NV1 within the genus Hydrogenothermus makes it only
the second cultured representative of this genus. Both strain NV1 and H. marinus were
isolated from shallow vents off the coast of Vulcano Island, Italy. However, differences
in genetic and physiological properties support the naming of a new species. Strain NV1
can use both hydrogen and thiosulfate as electron donors while H. marinus can only use
hydrogen. The ability of NV1 to use thiosulfate as an electron donor is reason for an
amended description of the genus, which currently states members of Hydrogenothermus
are unable to used thiosulfate. Unlike H. marinus elemental sulfur is not required for
growth for NV1 and multiple flagella were not observed on cells. The doubling time of
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the two isolates also differs, with H. marinus having a doubling time of about 25 min and
NV1 of 140 min at optimal conditions.
The cloned sequence from Papua New Guinea included in the phylogenetic
analysis was recovered from a shallow marine vent. It was one of three cloned sequences
that are labeled as Persephonella sp.; however, only one of the sequences
(PNG_TCV4_B2) is more than 95% similar to a cultured member of the Persephonella
(Meyer-Dombard et al., 2012). The sequence PNG_TBSL_B19 (included in this
analysis) is most similar to another uncultured clone from a Papua New Guinea shallow
marine vent. However, the PNG_TBSL_B19 sequence is 98% similar to strain NV1;
therefore, at least this sequence should be reclassified as a Hydrogenothermus sp.
Members of the genus Hydrogenothermus have still not been cultured from deepsea environments; however, analysis of new unpublished 454 pyrosequencing data of the
hypervariable V4 region of 16S rRNA gene shows the presence of very similar (96-100%
similarity based on ~240 nt) sequences at the EPR, MAR, CIR and ELSC. There are,
perhaps, other sequences from clone libraries in GenBank and other databases that are
incorrectly labeled as Persephonella or another genus within the Hydrogenothermaceae
that should be Hydrogenothermus. These potentially mislabeled sequences could have
been added to the database before the description of Hydrogenothermus or may not have
aligned well because of the 33nt gap in the H. marinus sequence.
Conclusions
The results of this study support the classification of one new species of the genus
Hydrogenothermus to be named H. shoalensis. The species name refers to the
shallowness of the marine hydrothermal vent of isolation. This is only the second
member of this genus in culture, described and named. The differences between H.
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shoalensis and the previously described H. marinus require amending the current genus
description. Future work with H. shoalensis may include more physiological studies and
also metagenomic studies. With this culture in isolation it is now possible to easily
sequence its entire genome to add to the growing public database of microbial genomes
available.
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Table 4. Comparison of strains MN-5 and TC-2 with other Alphaproteobacteria
Strains (reference): 1, Strain NV1; 2, Hydrogenothermus marinus VM1T (Stohr et al 2001); 3,
Persephonella hydrogeniphila 29WT (Nakagawa et al., 2003); 4, Persephonella marina EX-H1T (Gotz et
al., 2002); 5, Sulfurihydrogenibium azorense Az-Fu1T (Aguiar et al. 2004); 6, Aquifex pyrophilus Kol5aT
(Huber et al., 1992)
Characteristic
Temperature range
(optimum) (°C)

1
45-75 (65)

2
45–80 (65)

3
50–72.5
(70)

4
55–90 (70)

5
50-73 (68)

6
67–95 (85)

pH range (optimum)

4.0-6.5
(6.0)

5.0–7.0
(ND)

5.5–7.6
(7.2)

4.7–7.5
(6.0)

5.5–7.0
(6.0)

5.4–7.5
(6.8)

NaCl range
(optimum) (%, w/v)

0.5-6.0
(2.5)

0.5-6.0
(2.0-3.0)

1.5–5.0
(2.5)

1.0–4.5
(2.5)

1.0–4.5
(1.0)

1.0–5.0
(3.0)

G+C content
(mol%)

32

43

37.3

38.5

33.6
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Electron donor

H2, S2O22-

H2

H2

H2, S2O32-,
S0

H2, S2O32-,
S0, Fe2+,
SO32-,
AsO33-

H2, S2O32-,
S0

Electron acceptor

O2

O2

NO3-, O2

O2, NO3-,
S0

O 2, S 0,
SO32-,
AsO42Fe3+,
SeO42-

O2, NO3-*

*Only with S2O32- as the electron donor
ND, Not Determined
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Figure 11. Thin section electron micrographs of strain NV1

a.

b.

Thin section electron microscopy of strain NV1 (a) and a negative stained cell of strain
NV1 (b). The Gram-negative cell wall can be seen in a as well as the lighter area in the
middle of the cell, the nucleoid. Darker regions in a are electron dense areas. The
flagella is visible in b. Scale bar in a is 200 µm and in b is 0.5 µm.
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Figure 12. Phylogenetic tree with strain NV1

67
98

NV1 Hydrogenothermus shoalensis (AM888290)
Uncultured Papua New Guinea clone (JN881654)
Hydrogenothermus marinus

61

T
T

Sulfurihydrogenibium kristjanssoni (AM778960)
100

Sulfurihydrogenibium azorense
(AF528192.1)
Persephonella sp. (AM259490)
100

T

T

94

Persephonella hydrogeniphila (AB086419.1)
T

Persephonella guaymasensis (AF385630)
T

Persephonella marina (AF188332)
T

Aquifex pyrophilus (M83548)
T

Thermocrinis ruber (AJ005640.1)

100
100

T

Hydrogenobacter thermophilus (Z30214.1)
T

E. coli (X80725)

0.05

A Maximum Likelihood tree based on the 16S rRNA gene resolving the placement of
novel strain NV1 (in bold) within the genus Hydrogenothermus a member of the
Hydrogenothermaceae. Partial 16S rRNA sequences of members from the three genera
of the Hydrogenothermaceae and were included for comparison. Bootstrap analysis of
500 replicates was performed and values of 60 or higher are shown on branch nodes. The
branch length scale is shown and is measured as number of substitutions per site.
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Figure 13. Temperature dependent growth rates of strain NV1
0.60

Specific Growth Rate
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Temperature dependent growth rates of strain NV1. Data points represent the average of
three replicates at each temperature and error bars are standard deviation. Growth
occurred between 45-75°C with the fastest doubling time occurring at 65°C. Cells were
grown at pH 6.0 and 2.5% NaCl with 3% O2 in the headspace.
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IV. Conclusions
The isolation and description of two of the first high temperature
Alphaproteobacteria from deep-sea hydrothermal vents is an exciting step in the journey
to better understand the microbial ecology of these extreme environments. Analyses of
microbial communities at deep-sea vent sites at MAR (López-García et al., 2003), ELSC
(Takai et al., 2008, Flores et al., 2012b) and Juan de Fuca (Huber et al., 2003) have
revealed the presence, based on 16S rRNA gene sequences, of Alphaproteobacteria in the
chimneys and hydrothermal plumes at deep-sea vents, however, the physiological role of
these detected sequences is completely unknown because until know there were no
similar cultured representatives. Characterizations of strains MN-5 and TC-2 may lead to
new hypothesis of what niche these low abundant bacteria are fulfilling.
Experiments measuring the metabolic functions of more of the
Thermopetrobacter isolates from the ELSC could reveal novel metabolic processes and
enzymes that may be important to future research. The genomes of stains MN-5 and TC2 will be sequenced and added to the growing public database of already over 3000
microbial genomes. The addition of these unique Alphaproteobacteria will potentially
help reconstruct current phylogenies of these microbial genomes and enhancing the
knowledge of the phylogenetic relationships.
The isolation of the second member of the genus Hydrogenothermus, H.
shoalensis, from a shallow marine hydrothermal vent off the northern coast of Vulcano
Island, Italy adds to the knowledge of both the Aquificales and shallow marine vent
ecology. Evidence that this new species may be globally distributed, as shown by similar
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16S rRNA sequences found at Papua New Guinea and several deep-sea hydrothermal
vents, points to new questions on the biogeography of this genus. Although other genus
within the family Hydrogenothermaceae display pattern of wither only being found at
deep-sea hydrothermal vents or terrestrial hot springs, Hydrogenothermus may be found
at combination of these environments. This question, however, can only be answered
with more enrichment culturing targeting this genus. The new physiological
characteristics of H. shoalensis, including its ability to use thiosulfate in addition to
hydrogen as an energy source may help target these microorganisms.

.
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